The effect of electron beam irradiation on pristine poly(vinyl ester) and cured poly(vinyl ester)/clay nanocomposite with different clay contents is studied at irradiation doses ranging from 100 to 1000 kGy at room temperature. Poly(vinyl ester)/clay nanocomposites were prepared with different amounts of organically modified montmorillonite (1, 3, and 5 wt.%) by in situ polymerization method. Morphology properties of synthesized nanocomposites were studied by X-ray diffraction and transition electron microscopy. The irradiation dose up to 500 kGy yields an increase in Young's modulus and tensile strength of nanocomposites while further irradiation deteriorates the mechanical strength of samples. Irradiation has no considerable influence on the surface hardness of synthesized nanocomposites. Thermogravimetric analysis results reveal the thermal stability of poly(vinyl ester), and its nanocomposites is improved with irradiation up to 500 kGy. However, similar to mechanical perdition at 1000 kGy irradiation, thermal resistance of nanocomposites decreases. The enhancement in mechanical and thermal properties of synthesized nanocomposites is attributed to the cross-linking effect as bonds can be formed directly between the neighbouring chains.
Introduction
Vinyl ester resins consist of a multi-methacrylate oligomer and styrene as a reactive diluent. These materials have been developed in an attempt to combine the mechanical and thermal properties of epoxy resins with the rapid cure of unsaturated polyester resins. This property optimization makes vinyl ester particularly a suitable matrix for large, high-performance glass reinforced composites. 1, 2 Vinyl ester resins have a wide range of applications due to their inherent mechanical and thermal properties such as corrosion resistance while they are cheaper and easier to process in comparison to other epoxies. 3 In the last decades, layered silicates have been widely used to improve mechanical and thermal properties of polymers and copolymers. 4, 5 The commonly used layered silicates for the preparation of polymer-layered silicates nanocomposites belong to the same general family of 2:1 layered or phyllosilicates. [6] [7] [8] Their crystal structure consists of layers made up of two tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminium or magnesium hydroxide. The physical mixture of a polymer and layered silicates may not form a nanocomposite. This situation is similar to polymer blends, and in most cases, separation into discrete phases takes place. In immiscible systems, which typically correspond to the more conventionally filled polymers, the poor physical interaction between the organic and the inorganic components leads to poor mechanical and thermal properties. In contrast, strong interactions between the polymer and the layered silicates in polymer-layered silicates nanocomposites lead to the normal dispersion of the inorganic into the organic phase. As a result, nanocomposites exhibit unique properties not shared by their micro counterparts or conventionally filled polymer. 9, 10 Pristine layered silicates usually contain hydrated Ni þ or K þ ions. 11 Obviously, in this pristine state, layered silicates are only miscible with hydrophilic polymers, such as poly(ethylene oxide) 12 or poly(vinyl alcohol). 13 To render layered silicates miscible with other polymer matrices, normally hydrophilic silicate surface should be converted to an organophilic surface, making the intercalation of many engineering polymers feasible. Generally, this is achievable by ion-exchange reactions with cationic surfactants including primary, secondary, tertiary, and quaternary alkylammonium or alkylphosphonium cations. Alkylammonium or alkylphosphonium cations in the organosilicates lower the surface energy of the inorganic host and improve the wetting characteristics of the polymer matrix and, thus, result in a larger interlayer spacing. Additionally, the alkylammonium or alkylphosphonium cations can provide functional groups that can react with the polymer matrix, or in some cases initiate the polymerization of monomers to improve the strength of the interface between the inorganic phase and the polymer matrix. 14, 15 Along with incorporating layered silicates into polymer matrices in order to enhance their mechanical and thermal properties, cross-linking also plays a deterministic role in improving polymer properties. 16, 17 Irradiation of polymers with electron beams leads to the formation of very reactive intermediates in the forms of excited states, ions, and free radicals. These intermediates are almost instantaneously used up in several reaction pathways resulting in the arrangement or formation of new bonding structures. The ultimate effects of these reactions are the formation of crosslinks and grafts while the matrix network degradation beyond a certain extent of irradiation is inevitable. 18, 19 The effect of electron beam irradiation on thermal and mechanical properties of some polymer/clay nanocomposites has recently been investigated. [20] [21] [22] Poly(vinyl ester)/clay nanocomposites have also been studied for their thermal [23] [24] [25] and mechanical properties, 23 but their properties in exposure of irradiation have not been previously addressed. However, recently, gamma irradiation influence by microwave on vinyl ester composites such as poly(vinyl ester)/ceramic (hollow spheres) composites 26 has been absorbing particular attention. 26, 27 In this work, poly(vinyl ester)/clay nanocomposites are synthesized with different amounts of organically modified montmorillonite (OMMT) and, then, are exposed to electron beam irradiation at various doses. The changes in mechanical and thermal properties are examined and the optimum dose of irradiation is measured.
Experiments Materials
Vinyl ester resin (BUSHEVIN 84334, density % 1:1 g/cm 3 ) used in this study was a novolac-epoxy-based resin as a matrix polymer, methyl ethyl ketone peroxide (MEKP) as a catalyst, and cobalt naphthenate as a promoter which all were obtained from Boushehr Chemical Industries Co., Iran. The OMMT ( 5 20 mm) was used as a reinforcing agent into the matrix. Natural montmorillonite modified with a quaternary ammonium salt (2M2HT dimethyl dehydrogenated tallow, quaternary ammonium) with the cation exchange capacity (CEC) of % 125 meq/100 g was provided by Southern Clay Products, Inc., USA.
Preparation of poly(vinyl ester)/clay nanocomposites and Irradiation
OMMT was dried up for 24 h at 80 C prior to blending and, then, was added to the vinyl ester resin by % 1, 3, and 5 wt.%, labeled as VE1, VE3, and VE5, respectively, while VE0 labeled for pure poly(vinyl ester) with no OMMT content. The mixture was mechanically stirred by mechanical laboratory shear mixer at 1000 r/ min for 2 h at room temperature. During mixing, dispersion of OMMT layers took place in the resin. After that, % 2 wt.% of methyl ethyl ketone peroxide and % 0:6 wt.% of cobalt naphthenate were added into the mixture of clay and vinyl ester resin at room temperature to initiate the polymerization and cross-linking processes. Each ingredient was weighed and handstirred into the mixture before the next ingredient was added. Then, the catalyzed mixture was cast into the dumbbell-shaped molds. Specimens were allowed to cure for 24 h at room temperature and then postcured for 5 h at 100 C. Irradiation was carried out in air using a Rhodotron-type electron beam accelerator (TT200, Tehran University laboratory reactor) at an acceleration voltage of 10 MeV. The specimens were irradiated at doses ranging from 100 to 1000 kGy.
Characterization
The dispersibility of OMMT in the polymer matrix was evaluated by X-ray diffraction (XRD) analysis using Philips X'Pert X-ray diffractometer with a Cu tube source ( ¼ 1:54 Å ) at a generator tension of 40 kV and a current of 40 mA. The scanning range covered over 1 to 10 of 2 at a rate of 2:4 min. Bright field transmission electron microscopy (TEM) images were also obtained at 120 kV, at low-dose conditions, with a Phillips 400T electron microscopy. The samples were ultramicrotomed with a diamond knife on a Leica Ultracut UCT microtome at room temperature to provide % 70 nm thick section. The section was transferred from water to carbon-coated Cu grids of 200 mesh. Regarding the distinct contrast between the layered silicate and the polymer phase for imaging, no heavy metal staining of sections was required. Tensile properties were measured according to ASTM D638 using Instron 4411 tensile test machine at a strain rate of 25 mm/min. The Shore hardness was also measured according to ASTM D2240-95 by using a Shore D hardness instrument (Zwick). Finally, thermogravimetric analysis (TGA) was performed on a STA 1500 unit, under flowing argon (30-35 ml/min) at a scan rate of 10 C/min from 25 C to 700 C.
Results and discussion Morphology
The results of XRD for OMMT and poly(vinyl ester)/ OMMT nanocomposites (VE1, VE3, and VE5) are shown in Figure 1 . The results display a diffraction peak at % 7:23 of 2 for OMMT. The corresponding peaks for VE1 and VE5 are shifted to lower angles of % 4:85 and 4:68 , respectively, compared with that of OMMT. However, the peak for VE1 at % 4:85 is almost negligible. These results indicate that the intercalated structure was formed for VE5. On the other hand, the diffraction peak for VE1 and VE3 was approximately disappeared, and there is nearly a flat feature from % 4 À 8 of 2 disclosing the formation of the exfoliated structure for this nanocomposite. Table 1 summarizes the results of XRD analysis for OMMT and synthesized nanocomposites. It is assumed that long alkyl chains were intercalated between the OMMT layers during the cation exchange reaction, thereby facilitating the penetration of vinyl ester molecules into the interlayer spaces while improving the compatibility between the layered silicate and poly(vinyl ester) matrix. The morphology of synthesized nanocomposites was also characterized by TEM. Figure 2 shows a homogeneous structure for VE1 and VE3 nanocomposites. The results indicate that the layered silicates were randomly dispersed into the polymer matrix which subsequently yielded a uniform structure. It can also be perceived that the galleries of layered silicates dissolved into the poly(vinyl ester) matrix giving no evidence of the intercalated structure. 
Mechanical properties
Tensile stress-strain curves for pristine poly(vinyl ester) and its nanocomposites are shown in Figure 3 . The OMMT reduces the molecular mobility of polymer chains. It also yields a good interfacial adhesion between the silicate layers and the poly(vinyl ester) matrix, conventionally producing a less flexible material with a higher Young's modulus and tensile strength. The Young's modulus, tensile strength, and surface hardness of pristine poly(vinyl ester) and its nanocomposites with different clay content are presented in Table 2 . The Young's modulus of nanocomposites increases with clay content by % 3 wt.%. An improvement of % 100 and 87% was observed with the addition of % 1 and 3 wt.% of OMMT, respectively. With further increase in the OMMT content beyond 3 wt.%, the Young's modulus decreases at % 5 wt.% of OMMT. The increase in modulus can be attributed to the fair dispersion of layered silicates into the matrix. The decreasing Young's modulus for VE5 can also be attributed to the presence of aggregated layered silicates in the polymer matrix. Furthermore, it can be seen in Table 2 and Figure 4 (a) that, in the absence of irradiation, the addition of % 1 wt.% of OMMT yields a remarkable improvement in tensile strength from % 22 to 36 MPa; however, the tensile strength gradually decreases with higher clay contents due to the presence of micro voids and air bubbles in % 3 and 5 wt.% of OMMT. During the synthesis of poly(vinyl ester)/clay nanocomposites at higher OMMT contents, it was visually observed that the viscosity of the resin significantly increased. Therefore, the entrapped air during the shear mixing found it very difficult to escape out of the polymer matrix. Moreover, air bubbles were trapped into the matrix during placing the highly viscous mixture onto the mold which resulted in remaining of micro pores and air bubbles into the polymer matrix after curing. Another reason for this reduction in tensile strength of VE5 is the presence of OMMT aggregates into the polymer matrix. Finally, under the tensile loading, the cracks can be initiated from these tiny voids and aggregation sites, hence causing specimen failure at relatively low strains similar to what observed in other studies. 28, 29 Moreover, no improvement in hardness was noticed for nanocomposites which can be due to the presence of porosities into the synthesized nanocomposites.
The effects of electron beam irradiation on the mechanical properties of pristine poly(vinyl ester) and it nanocomposites are also illustrated in Figure 4 . The tensile strength of all samples increases up to 500 kGy irradiation. This can be attributed to the cross-linking of polymer chains which enhanced the strength of nanocomposites. By exposing the specimens to irradiation, an electron is knocked out from a hydrogen atom, hence wandering as a free radical. Since this occurs in several places on the mers, the carbon atoms which lack their hydrogen neighbours keep free hands to find a new neighbour. This phenomenon can lead to enhancing the physical properties of specimens. 20, 22 However, for all samples, degradation due to higher irradiation levels above 500 kGy overcomes the cross-linking effect so that the tensile strength decreases. The same trend is observed for Young's modulus. The irradiated nanocomposites at 500 kGy have the largest modulus. The increase in Young's modulus with irradiation level can be related to the increased formation of radiation-induced cross-linking network, although at higher irradiation level, these network structures are deteriorated. These results reveal that the best irradiation dose to get the best mechanical properties such as tensile strength and Young's modulus occurs at 500 kGy. However, the best OMMT content is obtained at % 1 wt.%. As for the surface hardness of nanocomposites, no obvious improvement is inferred with irradiation dose, but a minute decrease is perceived when nanocomposites are exposed to irradiation. This decrease is mostly observed in high level of irradiation which is attributed to the degradation of radiation-induced network imposed on nanocomposites at higher irradiation levels. 21 
Thermal degradation and stability
The thermal stability of polymer materials is usually studied by TGA. The weight loss resulting from the formation of volatile products after degradation at high temperature is monitored as a function of temperature. When the heating occurs under an inert gas flow, it is accompanied by a non-oxidative degradation, while the use of air or oxygen allows oxidative degradation of the specimens. To explain the overall effect of the addition of organoclay on the thermal stability of polymer nanocomposites, two factors should be considered: (I) Barrier properties of layered silicates enhancing the thermal stability and (II) low thermal stability of alkylammonium cations catalyzing the degradation process of the polymer matrix. Figure 5 shows the TGA results for pristine poly(vinyl ester) and its nanocomposites before irradiation. The initial degradation temperature, T 0:1 which is useful for assessing low temperature thermal stability of nanocomposites, increases slowly with increasing clay content for poly(vinyl ester)/OMMT nanocomposites. A similar increase in the second degradation temperature, T 0:5 , is also observed by increasing the OMMT content. For example, the improvements of synthesized in this study exhibit a delayed decomposition process and, thus, their thermal stabilities are improved by the presence of dispersed layered silicates. The increase in thermal stability is attributed to the good thermal stability of the well-dispersed and exfoliated layered silicates of the OMMT. The layered silicates act as heat barriers, which enhance the thermal stability of these nanocomposites as well as raising the formation of char after thermal decomposition.
The irradiation can adversely influence the thermal stability of poly(vinyl ester)/clay nanocomposites. The cross-linking and, on the other hand, destruction effect of the irradiation should be balanced in order to assess the thermal stability behavior of irradiated nanocomposites.
TGA results for irradiated poly(vinyl ester) are shown in Figure 6 . As it can be seen, the thermal stability of pristine poly(vinyl ester) increases with increasing irradiation level such that T 0:1 and T 0:5 increase % 7 C and 14 C, respectively, when the irradiation level increases up to 500 kGy (see Table 3 ). Accordingly, the increase in the irradiation level can increase the destruction process against the cross-linking. Therefore, the residual mass curve for irradiated polymer at 1000 kGy is obviously shifted to lower temperature. This fact indicates that the appropriate irradiation level required for improving the thermal stability of poly(vinyl ester) is 500 kGy. The irradiation effects on the thermal resistance of the poly(vinyl ester)/clay nanocomposites when OMMT content varies from 0 to % 1 and 3 wt.% are shown in Figures 7 and 8 , respectively. The effect of OMMT loading at 500 kGy irradiation for all nanocomposites up to 5 wt.% OMMT is also shown in Figure 9 . The results of TGA for all specimens are summarized in Table 3 .
For irradiated nanocomposites, it can be observed in Figure 9 that the decomposition temperature (see also T 0:1 and T 0:5 in Table 3 ) increases remarkably with increasing OMMT content up to % 3 wt.% at 500 kGy irradiation. However, by increasing the OMMT loading up to % 5 wt.%, T 0:1 and T 0:5 are reduced from 396 to 377 and from 447 to 435, respectively. This reduction for pristine polymer is smaller than what is observed for irradiated nanocomposites since the thermal stability decreases even beyond the non-irradiated nanocomposites. For instance, T 0:5 for VE1 and VE3 with 1000 kGy irradiation is much smaller than those of irradiated nanocomposites at 500 kGy and even pristine polymer. These results reveal that the best irradiation dose to obtain the best thermal stability for poly(vinyl ester)/ clay nanocomposites occurs at 500 kGy. Figure 10 has been elicited from Table 3 in order to better understand the effects of irradiation and clay loading simultaneously. As can be inferred, increasing the clay loading up to % 5 wt.% results in increasing the thermal stability of poly(vinyl ester) nanocomposites only when the irradiation level is not above 100 kGy.
On the other hand, when the irradiation level reaches 500 kGy or more, there is a limit to which the increase of clay loading can enhance the nanocomposite thermal stability. This conclusion from the experimental data reveals the clay loading of between % 1 À 3 wt.% and irradiation of 100-500 kGy in order to obtain the best thermal resistance from poly(vinyl ester)/clay nanocomposites.
Conclusions
Poly(vinyl ester)/clay nanocomposites with exfoliated structure were obtained by adding very small amounts of OMMT into the vinyl ester resin. The Young's modulus and tensile strength of synthesized nanocomposites have shown to considerably increase by increasing the OMMT loading up to % 1 wt.%. However, the best thermal resistance was obtained at % 3 wt.% clay loading. Irradiation of nanocomposites by electron beam up to 500 kGy proved indispensable for curing poly(vinyl ester)/clay nanocomposites in order to have Figure 9 . The results of TGA for poly(vinyl ester)/clay nanocomposites after irradiation at 500 kGy. VE0 represents the pristine polymer, and VE1, VE3, and VE5 represent nanocomposites with % 1, 3, and 5 wt.% of clay content. the highest tensile strength and Young's modulus. However, this promising improvement in mechanical properties due to the cross-linking effect of irradiation was lessened by the degradation imposed on nanocomposites at higher irradiation levels up to 1000 kGy. In addition, TGA results show that in order to achieve the best thermal resistance, the clay loading and irradiation level should not exceed % 1 À 3 wt.% and 100-500 kGy, respectively. The improvement in thermal and mechanical properties of poly(vinyl ester)/clay nanocomposites with increasing irradiation dose was attributed to the increasing formation of radiation-induced cross-linking network in synthesized nanocomposites.
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